We developed a multimodal nonlinear optical (NLO) microscope system by integrating stimulated Raman scattering (SRS), second harmonic generation (SHG) and twophoton excited fluorescence (TPEF) imaging. The system was used to study the morphological and biochemical characteristics of tibial cartilage in a kinesin-1 (Kif5b) knockout mouse model. The detailed structure of fibrillar collagen in the extracellular matrix of cartilage was visualized by the forward and backward SHG signals, while high resolution imaging of chondrocytes was achieved by capturing endogenous TPEF and SRS signals of the cells. The results demonstrate that collagen fibrils in the superficial surface of the articular cartilage decreased significantly in the absence of Kif5b. The distorted morphology along with accumulated intracellular collagen was observed in the Kif5b-deficient chondrocytes, indicating the critical roles of kinesin-1 in the chondrocyte morphogenesis and collagen secretion. The study shows that multimodal NLO imaging method is an effective approach to investigate early development of cartilage.
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Introduction
Articular cartilage is a highly specialized connective tissue covering joints. It functions as a lubricated surface for articulation by reducing friction and facilitating the transmission of loads. Study of cartilage-related diseases showed that the abnormal changes in morphology and function of cartilage are associated with various pathologies, such as osteoarthritis, achondroplasia and costochondritis [1] [2] [3] [4] [5] [6] . Chondrocytes, the only resident cells in healthy cartilage, are responsible for the production and maintenance of the cartilaginous tissue. The extracellular matrix (ECM) produced by chondrocytes in the articular cartilage plays a significant role in response to tensile and compressive loadings [7] . Collagen is the most important and abundant macromolecule in the ECM of cartilage. Together with proteoglycan aggregates, the collagens facilitate the cartilage to withstand compressive forces as well as deformations. A variety of collagen types have been found in cartilage, such as type II, VI, IX and XI collagen [8] . Among these collagens, type II collagen is quantitatively dominant, accounting for 90%-95% of all the collagens in the ECM of articular cartilage [7, 9] . The functions of other minor collagens are mainly to stabilize the fibril network formed by type II collagen. Disorders of ECM components may compromise the chondrocyte functions and corrupt the ECM architecture. Therefore, direct visualization of chondrocytes and collagen fibrils is of great significance to assess the health status of cartilage and to study the cartilagerelated diseases. Developing cartilage in mouse can be subdivided into six zones with unique morphologies [7, 10] . The chondrocytes and ECM show distinct characteristics in different zones of cartilage. Briefly, the superficial zone (SZ), the thinnest layer with chondrocytes and collagen fibrils parallel to the articular surface, is located at the out surface of articular cartilage. In the SZ, collagen fibrils are densely packed and play biomechanical and protective roles to maintain the shear and tensile properties of articular cartilage. The middle zone, lying below the SZ, is a transitional zone in which the collagen fibrils are aligned obliquely to the articular surface and its chondrocytes demonstrate round morphologies. Next to the middle zone there is a radial zone, called the deep zone. The chondrocytes in the deep zone are well organized with the collagen fibers parallel to the chondrocyte columns and perpendicular to the articular surface. The ECM of the middle zone and deep zone (MDZ) is responsible for resisting compression [7, 11] . In the growing cartilage, there exists a growth plate between the epiphysis and the metaphysis. In mammals, the elongation of longitudinal bones occurs at the growth plate by endochondral ossification. In the growth plate, there are three sub-zones: the resting zone (RZ), the proliferative zone (PZ) and the hypertrophic zone (HZ). The chondrocytes in the growth plate can be differentiated based on their specific morphologies. The chondrocytes in the RZ distribute irregularly and have a spherical appearance, and the chondrocytes in the PZ and HZ are arranged in columns, which are parallel to the long axis of the bone [12, 13] . All three zones play a crucial role in endochondral bone formation, and the malfunction of the growth plate may lead to a number of disorders, such as arthritis, misshapen bones and osteochondritis dissecans [13, 14] .
Kinesins are a group of motor proteins responsible for directional transport along microtubules. As the most abundant kinesin motor, kinesin-1 plays a significant role in the intracellular transportation, and its functions have been studied in a variety of cells, such as neurons, pancreatic beta cells and skeletal muscle cells [15] [16] [17] . However, the roles of kinesin-1 in chondrocytes and cartilage development are still not clear. In this study, we use a kinesin-1 heavy chain (Kif5b) conditional knockout mouse model (Kif5b : Col2a1-Cre mice suffer from severe chondrodysplasia [18] . Their phenotype is characterized by smaller size and shorter bones, as shown in Fig. 1 . Nonlinear optical (NLO) microscopy provides an ideal solution to resolve the structural characteristics in tissues and cells, featured with its inherent 3D resolution and capacity for deep penetration [19] [20] [21] . Recently, NLO microscopy has been used to study the chondrocytes and ECM of cartilage [22] [23] [24] [25] . Compared with electron microscopy, a tool widely used in the study of cartilage, NLO microscopy is applicable to fresh tissues, which prevents artefacts from complicated specimen preparation. In addition, label-free imaging based on intrinsic NLO signals in the fresh biological samples provides better preservation of biological information than using fixed or frozen specimens [22] . Therefore, it is desirable to perform NLO imaging on freshly excised samples in order to accurately interpret the biomedical characteristics of tissues. In principle, the two-photon excited fluorescence (TPEF) emitted from endogenous fluorophores can facilitate label-free visualization of cellular structures; second-harmonic generation (SHG) serves as an efficient probe to view the collagenous fibrotic structure in the ECM; and stimulated Raman scattering (SRS) can be used to visualize the protein-rich structures.
In this work, we demonstrate that an integrated TPEF, SHG and SRS microscope system is capable to reveal the key morphological and biomedical characteristics of developing cartilage. Specifically, the reduced nicotinamide-adenine dinucleotide (NADH) signal was used as an endogenous fluorophore to visualize the chondrocyte morphology in different zones. Along with SRS imaging, the TPEF signals from NADH revealed the morphological alteration of chondrocytes in the Kif5b-deficient cartilage. The organization of collagens in the ECM were clearly depicted by both forward and backward SHG imaging, and the distribution of collagens in the articular surface of mutant cartilage was found to be substantially different from that in the control mice. Furthermore, intracellular collagen was observed in the morphologically abnormal chondrocytes, indicating misbehavior of chondrocyte secretion in the absence of Kif5b. The quantitative analysis of collagen structure and the morphological characterization of chondrocytes provided important insights into the roles of kinesin-1 in collagen secretion and morphogenesis of chondrocytes.
Methods and materials

Multimodal NLO microscope system
Details of the integrated multimodal NLO microscopy system used in this work have been described in our previous study [21] . Briefly, in SRS imaging, portion of a femtosecond Ti:sapphire laser of 140 fs pulse duration (Chameleon Ultra II, Coherent, Santa Clara, CA) tuned at 830 nm was used as the pump beam. The remaining laser power (3 W) was used to pump an optical parametric oscillator (OPO) (Chameleon OPO, Coherent) to produce an infrared Stokes beam of 200 fs pulse duration at the wavelength of 1100 nm. The power of pump beam and Stokes beam on sample were 20 mW and 40 mW, respectively. The Stokes beam was modulated at 10.7 MHz by an acousto-optic modulator (3080-122, Crystal Technology). Its pulses were compressed by a prism-pair compressor before being combined with the pump beam. The differential wavenumber of the collinear pump-Stokes beams was 2957 cm −1 , matching to the CH 3 stretching vibrational frequency of proteins and lipids [26] . A water immersion objective (UAPON 40XW340, 1.15 NA, Olympus) was used to focus pump-Stokes beams to sample. The forward SRS signal was collected by a condenser (U-AAC, Achromat/aplanat condenser, NA 1.4, Olympus, Tokyo, Japan) and detected by a photodiode (FDS 100, Thorlabs). A high-frequency lock-in amplifier (SR844, Stanford Research Systems) was used to demodulate the SRS signal. The forward SHG (FSHG) signal excited by the Stokes beam was collected simultaneously with the SRS signal and directed to a photomultiplier tube (PMT) (H10682-210, Hamamatsu) by a dichroic mirror (760dcxru, Chroma). To excite the NADH fluorescence and backward SHG (BSHG) signals, the femtosecond laser was tuned at 780 nm. The TPEF and BSHG signals were collected by the objective and reflected to a detection system by a dichroic mirror (FF665-Di02, Semrock). The detection system of a hybrid PMT detector and a time-correlated single photon counting (TCSPC) module (HPM-100-40 and SPC-150, Becker & Hickl) was used to record timeresolved TPEF and BSHG signals sequentially by switching a pair of bandpass filters (FF02-447/60, FF01-390/40, Semrock). A pair of galvanometer scanners was used to scan the laser beams to generate SRS, SHG and TPEF images. The field of view for the multimodal images was 100 × 100 µm. The mosaic of a whole cartilage section was obtained by moving a microscope translation stage (MAX200B, Thorlabs) that holds the cartilage samples. : Col2a1-Cre conditional knockout (mutant) mice on C57BL/6 background were used in this study. For the NLO imaging experiments, mice at different ages were sacrificed and proximal tibial heads were excised using a razor blade. The freshly dissected samples were embedded in low-melting point agarose and 150-µm-thick coronal sections were obtained by a vibratome (Vibratome 3000 Plus, The Vibratome Company). All the samples were imaged by the multimodal NLO microscope within three hours after dissected from mice. For the immunostaining experiment, hindlimbs harvested from control and mutant mice at postnatal day 15 (P15) were fixed in 4% PFA/PBS and processed for paraffin embedding. 7-um-thick coronal paraffin sections were stained according to the instruction from the manufacture of DAKO EnVision + System, Peroxidase (DAKO EnVision + System, HRP) kit. The sections were counterstained with Mayer's hematoxylin (Sigma-Aldrich). The primary antibody against Kif5b is homemade and has been described elsewhere [16] . The study was approved by the University of Hong Kong's Animal Ethics Committee.
Cartilage specimens from mouse models
Results and discussion
Immunostaining of Kif5b in mouse tibial cartilage
To verify the inactivation efficiency of Kif5b in the mutant cartilage, immunostaining was performed on tibial cartilage paraffin sections obtained from P15 Kif5b fl/+ and Kif5b fl/-: Col2a1-Cre mice, respectively. As shown in Fig. 2(a) , the Kif5b protein is expressed throughout the articular and growth plate cartilage in the control mice. In contrast, Kif5b signal is much weaker in the mutant group as shown in Fig. 2(b) , especially in the proliferative chondrocytes. The results confirm that Kif5b is efficiently depleted in the growth plate chondrocytes of the Kif5b fl/-: Col2a1-Cre mice. However, it is also notable that the chondrocytes in the articular cartilage maintain Kif5b immunoreactivity, suggesting that the depletion of Kif5b is not complete in the entire cartilage. 
Multimodal NLO imaging of whole cartilage sections
Multimodal NLO imaging was performed to the freshly excised cartilage sections and the representative results are shown in Fig. 3 . As shown in Fig. 3(a) and 3(b) , the network of ECM collagen and the morphology of chondrocytes in each zone of cartilage are clearly visualized. The SRS signals of the cartilage are mainly from the proteins in chondrocytes and ECM. Peri-articular (PA) region, RZ, PZ and HZ can be clearly identified based on the morphology of protein-rich chondrocytes. The surface of this P5 articular cartilage is classified as PA region because SZ and MDZ have not fully developed and are not separable from PA. Next, the FSHG imaging shows strong SHG signals in PA zone, but not in other underlying zones, indicating that the formation of collagen network starts in the ECM of surface tissue. Apart from the SRS and FSHG signals, the TPEF signal is dominated by the endogenous fluorescence of NADH in the mitochondria of chondrocytes. Therefore, TPEF imaging serves as an additional tool to elucidate the chondrocyte morphology. As shown in the merged TPEF (green) and BSHG (red) images in Fig. 3(b) , collagen networks, functioning as the supporting structure of chondrocytes, fill up the ECM throughout all zones in the cartilage. The distribution of the BSHG signal shows that it has similar features to FSHG, with strong signals from the PA region. Finally, the statistical analysis in Fig. 3(c) demonstrates that though the SHG intensity in the PA region is much stronger than other zones, the SRS signals from the ECM are homogenously distributed over the whole cartilage. This is due to that SHG source is only from the fibrillar collagen, while SRS signals come from both collagen and other protein-enriched extracellular components, such as proteoglycans. The uniform distribution of SRS signals in the whole cartilage section demonstrates that the overall protein contents in the ECM remain stable in each zone. Since the collagen network is mainly formed in articular surface, the key layer determining the biomechanical functionality of the cartilage, we performed quantitative SHG imaging in PA region (P5) and SZ (P10 and P15) to study the collagen formation in the control and Kif5b-depleted mutant mice. 
Reduced formation of fibrillar collagen in mutant mice
To investigate the role of Kif5b in the development of articular surface, we performed forward and backward SHG imaging on wild-type, control and mutant mice at P5, P10 and P15 stages, respectively. As shown in Fig. 4(a) and 4(b) , the representative FSHG and BSHG images from the same tissue site in SZ reveal different patterns in forward and backward directions, which is not dependent on excitation wavelength. As can be seen, though both FSHG and BSHG images show that collagen are mainly distrubted in the ECM, the detailed fibril textures of collagen can been seen in the FSHG images, while no distinct features appear in the BSHG images. This directional difference in SHG imaging has been reported in previous study of a variety of biological samples, such as muscle, cornea, skin and nerve fibers [27] [28] [29] [30] [31] [32] . In theory, the directional property of SHG imaging can be explained by the quasiphasematching (QPM) condition and coherence length of SHG [27, 33] . As a relaxed phase matching condition, QPM reaches the maximum conversion efficiency when the size and spacing of the collagen fibrils are in the order of the coherence length of radiation. In cartilage, the average diameter of type II collagen fibrils is within 100 nm, which is much smaller than the coherence length of FSHG. Therefore, only large fibril or densely-packed fibril bundle emits strong FSHG signal. On the other hand, BSHG has a short coherence length which is comparable to the fibril diameters of type II collagen, resulting in comparable BSHG efficiency for both large and small fibrils. Apart from fibril diameters, the inter-fibril randomness is also a crucial parameter determining the signal intensities of FSHG and BSHG. Specifically, the randomness of fibril assembly reduces the QPM effect, leading to a phenomenon that the regularly formed fibrils will have stronger FSHG than the randomly packed fibrils. Therefore, the well-formed and large collagen fibrils contribute more in FSHG signals, while BSHG signals are not sensitive to the QPM effect and signals are distributed uniformly regardless of the fibril sizes and assembly. In the study of collagen formation in the articular surface, we recorded FSHG and BSHG images from the same tissue site for analysis because they provide different information on collagen fibril structure and formation.
It should be noticed that some type I collagen enriched fibrous tissue from the ligaments connecting the center of articular cartilage emited strong SHG signals which will interfere the collection of weak type II collagen signals in SZ [34] . Therefore, the fibrous tissue was removed from all the specimens. In the analysis of SHG characteristics, we found that the signal intensity is not uniformly distrubuted over the articular surface. As can be seen from the SHG mosaic in Fig. 3(a) , the SHG intensity always decays from the edge of fibrous tissue where the PA or SZ starts to the edge of articular surface. Accordingly, in this study, we measured the FSHG and BSHG signals from the entire PA (P5) and SZ (P10 and P15) to evaluate the collagen development. The resprentative distributions of SHG sginals from type II collagen over the articular surface are displayed in Fig. 4(c)-4(d) . The horizontal axis is the distance from the edge of fibrous tissue marked with distinct difference in morphology and SHG pattern between the residual fibrous tissue and articular surface as shown in Fig. 3(a) . As can be seen, the FSHG and BSHG distributions measured from wild-type and control mice display similar profiles at all develepmental stages from P5 to P15. The result confirms that cartilage development of the Kif5b fl/+ control mice is similar to the wild-type mice. Therefore, the control mice can be used as good references to study the pathalogical changes in Kif5b fl/-: Col2a1-Cre mutant mice. The FSHG distributions in Fig. 4(c) demonstrate that the collagen signals in mutant cartilage are similar to control at P5 and P10 stages, but suffers from severe reduction at P15. In addition, the decay profile of FSHG also disappears in mutant at P15, leaving an almost uniform distribution of collagen signal over the articular surface. On the other hand, the BSHG signals of collagen provide different information on collagen formation. As shown in Fig. 4(d) , although the BSHG distribution of the mutant is similar to that of the control at P5, the distributions of BSHG from the P10 and P15 mutant display significantly lower intensity than those of the control. In particular, the difference in BSHG between mutant and control at P10 indicates that the small and randomly packed collagen fibrils are underdeveloped in the mutant. However, the similar FSHG distributions from mutant and control at P10 suggest that the large and regularly oriented collagen fibrils in the mutant are formed as normally as in control. This demonstrates that the combined FSHG and BSHG imaging provides crucial insight into the effect of Kif5b on the formation of collagen fibrils in articular surface. Overall, the results indicate that there is no significant difference in collagen synthesis in PA between mutant and control at P5 stage. With further development to P10, the formation of randomly oriented small fibrils in mutant SZ starts to retard in comparison with control, while the fomration of large and regularly orientted fibrils remains normal. At P15 stage, the contents of both types of collagen fibrils in mutant are lower than control. Since the biomechanical functionality of the cartilage is stronlgy associated with the collagen formation in articular surface, the significant deficiency of collagen in the mutant may lead to potential dysfunction of the cartilage in the Kif5b-depleted mice. 
Distorted morphology of chondrocytes in mutant mice
Apart from collagen formation in the ECM of articular surface, we studied the morphology of chondrocytes in the cartilages of control and mutant mice. Here the endogenous NADH fluorescence was used to visualize the morphological features of chondrocytes. The representative TPEF images in Fig. 5 display the morphology of chondrocytes in different zones of control and mutant cartilages at P5, P10 and P15 stages. In a comparison of control with mutant cartilage, the morphology of chondrocytes in the mutant is significantly distorted. Particularly, the columnar structures of a normal growth plate are replaced by randomly arranged chondrocytes in the mutant cartilage. It is also noted that the abnormal morphology of chondrocytes occurs in the mutant at P5 and becomes severe at P10 and P15. Considering that the columnar arrangement of chondrocytes in the growth plate is crucial for bone formation, the disorganization of chondrocytes in the mutant cartilage may be associated with the retarded growth of bone as shown in Fig. 1(b) . The distorted morphology mainly appears in the growth plate of cartilage, not in the articular surface, such as PA and SZ. This is due to that the depletion efficiency of Kif5b in the growth plate is higher than that in articular cartilage, as indicated in the results of immunostaining study shown in Fig. 2 . An astonishing finding is that we observed intracellular collagen in the morphologically distorted chondrocytes of P15 mutant cartilage. As shown in Fig. 6(a) , the intracellular collagen is mainly distributed in the abnormal chondrocytes in MDZ and generates SHG signals stronger than the surrounding ECM. The details of an abnormal chondrocyte with intracellular collagen are shown in Fig. 6(b) . The SHG image demonstrates that the majority of intracellular volume is filled up with the collagen. Since intracellular collagen was not observed in wide-type and control cartilage, the accumulation of intracellular collagen must be associated with abnormal secretion of collagen in the Kif5b-depleted chondrocytes. Next, we performed texture analysis on SHG images of MDZ to characterize the intracellular collagen and the collagen fibrils in the surrounding ECM. The spatial coherency value, an indicator representing the overall spatial isotropy of textures, was used for quantitative analysis on the texture of SHG images. The coherency values of the collagen fibrils in the SHG images were calculated by OrientationJ, an ImageJ's plug-in. OrientationJ evaluates the isotropic properties of every pixel in the region of interest, and it has been widely used to analyze biomedical images [35] . In OrientationJ, coherency values are bounded between 0 and 1, with 0 indicating isotropic structures and 1 indicating that the fibrils are well arranged along one dominant direction. As shown in Fig. 6(c) , the coherency values of the intracellular collagen are significantly higher than those of extracellular collagen in both FSHG and BSHG images, suggesting that the intracellular collagen fibrils are more oriented and have a low isotropy. It should be emphasized that the intracellular collagen was mainly found in mutant cartilages at P15, rather than P5 and P10. The discovery of distorted morphology of chondrocytes and accumulated intracellular collagen in the mutant cartilage indicates that kinesin-1 may play a significant role in maintaining the integrity of chondrocyte morphogenesis and collagen secretion in cartilage. 
Conclusion
In this study, we have demonstrated that multimodal label-free NLO microscopy is a powerful tool to investigate the developmental defects of cartilage in Kif5b knockout mice. High-resolution label-free visualization of chondrocytes in each zone of cartilage can be achieved by SRS and TPEF imaging based on the vibrational signals of proteins and endogenous fluorescence of NADH, respectively. The distorted morphology of chondrocytes and loss of columnar arrangement in the growth plate of mutant cartilage reveal potentially profound effect of Kif5b depletion on early development of bones. In the PA (P5) and SZ (P10 and P15) of articular cartilage, fine structures of type II collagen in the ECM can be clearly resolved by SHG imaging. The combined FSHG and BSHG imaging provides quantitative information on the formation of collagen networks in early cartilage development. The results show that there is no significant difference in collagen synthesis in PA between mutant and control at P5 stage. However, the formation of randomly oriented small fibrils in mutant SZ start to retard in comparison with control at P10, while the formation of large and regularly oriented fibrils remains normal. At P15 stage, the contents of large and small collagen fibrils in mutant were much lower than control. It should be pointed out that though the ECM malformation was revealed in PA and SZ of mutant cartilage by the combined FSHG and BSHG imaging, the chondrocytes display normal morphology in the zones. This suggests that the imaging technique may detect ultrastructural abnormality in ECM prior to the morphological alteration of cells. Furthermore, we observed the accumulation of intracellular collagens in the MDZ of the mutant cartilage at P15, indicating abnormal secretion of collagen from the chondrocytes in absence of Kif5b. The results of this work show that multimodal NLO microscopy offers a unique approach to study the pathological characteristics of biological tissues. The label-free NLO imaging is of great advantage to preserve their intrinsic information and enable quantitative analysis of their structure and biochemistry at sub-cellular level. 
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